Hepatic innervation participates in the control of sinusoidal blood flow and in the regulation of certain metabolic functions of the liver. The study of the distribution of hepatic nerves has been hampered by the lack of adequate markers. We therefore tested the value of the neural cell-adhesion molecule (NCAM) as a probe for the study of parenchymal nerves in the normal and cirrhotic human liver. Four antibodies against various epitopes of NCAM were tested by light and electron microscopic immunohistochemistry: Leul9, ERIC-1, VC1.1, and HNK-I. Their reactivity was compared with that of antibodies against the following neural cell markers: SI00 protein, neurofhents, and neuron-specific enolase (NSE). The tissue reactivity of anti-NCAM antibodies was variable, suggesting a miuoheterogeneity of the NCAM molecule in the normal liver. Clones Leu19 and ERIC-1 proved to be the most sensitive of the anti-NCAM antibod-
Introduction
Clinical data obtained from human patients, corroborating the experimental evidence in laboratory animals, strongly suggest that hepatic innervation participates in the control of liver blood flow and in the regulation of certain hepatocytic and biliary functions (1) (2) (3) . It is therefore important to achieve a clear understanding of the distribution, density, and anatomic relations of the peripheral nerve fibers in the normal and diseased human liver. Thus far, this has been hampered by the lack of adequate probes. Only the innervation of portal spaces has been readily analyzed using histochemical or immunohistochemical markers, such as neuromediators (4) (5) (6) (7) and neural cell constituents such as neuron-specific enolase (NSE), SI00 protein, and neurofilaments (8, 9) . In contrast only little and sometimes contradictory data are available about the pat-' Correspondence to: Jean-Yves Scoazec, Unit6 INSERM U327, Facultt de Mtdecine Xavier Bichat, 16, rue Henri Huchard, 75018 Paris, France. ies. Their sensitivity was superior to that of the antibodies directed against the other neural cell markers tested. In the normal liver, both Leu19 and ERIC-1 demonstrated a heterogeneous distribution of nerve fibers inside the hepatic lobule. Intralobular nerve fibers predominated in Zone 1. This might contribute to the constitution of distinct zonal microenvironments inside the hepatic lobule. In cirrhosis, no nerve fiber was detected inside parenchymal nodules; no nerve plexus was visible at the contact of proliferating neoductules. These alterations might contribute to the pathogenesis of the hemodynamic and metabolic disorders observed in cirrhosis. (J Histochem Cyrochem 41:8B-908, 1993) tern of intralobular innervation, owing to the lack of sensitivity and specificity of the markers employed (IO). However, this information is critical to appreciate the actual role of hepatic innervation in the regulation of liver metabolic functions, most of which are known to be heterogeneously distributed inside the hepatic lobule (11.12).
We therefore aimed to evaluate the value of a neural cell marker, the neural cell-adhesion molecule (NCAM), thus far untested for the study of liver parenchymal innervation. NCAM is a membrane protein involved in the homotypic adhesion between cells of the central and peripheral neural tissue (13). NCAM is expressed all over the plasma membrane of neurons, including axom and dendrites. In the case of human liver, it might therefore behave as a more appropriate neural cell marker than molecules such as SI00 protein, NSE, and neurofilaments, which are concentrated in the perlkaryon and are variably distributed in axons and dendrites. However, NCAM is highly heterogeneous and comprises three distinct isoforms, with various cell distributions: a 120 KD glycosyl-899 phosphatidyl-linked isoform and two transmembrane isoforms of, respectively, 145 and 180 KD (10). Each of these isoforms is itself heterogeneous in its epitope composition from one cell type to another. It is therefore important to test the presence of these various epitopes in the liver tissue in an attempt to define their respective distributions. In this work, we aimed: (a) to validate NCAM as a probe for peripheral nerve fibers in normal and diseased human liver and to evaluate the sensitivity of a panel of anti-NCAM antibodies directed against various epitopes of the molecule; (b) to analyze the distribution, density, and cellular interactions of NCAMreactive intralobular nerve fibers in the normal human liver; and (c) to study the modifications in the pattern of innervation found in cirrhotic livers.
Materials and Methods

Experimental Design
The first part of the work was designed to assess the sensitivity of a panel of anti-NCAM monoclonal antibodies as probes for the detection of intrahepatic nerve fibers in normal human liver. We tested four distinct monoclonal antibodies directed against different epitopes of the NCAM molecule and compared their pattern of reactivity with those of polyclonal or monoclonal antibodies directed against other neural cell markers: NSE, Sloe protein, and neurofilaments. The sensitivity of each antibody tested was evaluated by comparing the staining intensity of large intraportal nerve bundles at optimal dilution and the density of nerve fibers detected in the connective tissue of portal spaces under the same conditions. The optimal dilution was considered as the dilution that made it possible to stain the large intraportal nerve bundles with the highest signal-to-noise ratio.
In the second part of the work, we used the most sensitive anti-NCAM monoclonal antibodies selected in the first part of the work to detect in-tralobular peripheral nerve fibers in the normal human liver and to study the pattern of hepatic innervation in the cirrhotic liver.
Materials
Fragments from histologically normal liver were obtained from 30 patients undergoing hepatic surgery for small primary liver cancers or metastases. Samples were taken at a distance from the neoplastic lesion and their histological status was assessed by light microscopic examination. Most of these fragments were immediately snap-frozen in liquid nitrogen and stored until use. The remaining fragments were fixed by immersion in 4% paraformaldehyde diluted in phosphate buffer for 6-12 hr, rinsed overnight in phosphate buffer at 4'C. and snap-frozen.
Fragments from 18 cirrhotic livers were also studied. Tissue samples from five cases of post-hepatic cirrhosis, five of primary biliary cirrhosis, one of secondary biliary cirrhosis, one of sclerosing cholangitis, three of alcoholic cirrhosis, and one case of idiopathic hemachromatosis were snap-frozen in liquid nitrogen and stored until use. In addition, tissue samples from one case of primary biliary cirrhosis and one of post-hepatic cirrhosis were fixed by immersion in 4% paraformaldehyde and snap-frozen.
Antibodies
Anti-NCAM Antibodies. We used four different monoclonal antibodies directed against different epitopes of the NCAM molecule ( Table 1 ). The known cellular reactivity of these clones and their source are indicated in Table 1 . Clone Leu19 (14) recognizes the so-called NHKla epitope, present on the three isoforms of NCAM (15). Clone ERIC-1 binds to an epitope present on the three isoforms ofthe NCAM molecule (16). Clone Leu7 recognizes the HNK-1 epitope (15,17) present in the 145 and 180 KD isoforms of NCAM and in related proteins (18) (19) (20) . HNK-1 is a carbohydrate epitope containing a sulfated derivative of glucuronic acid (21). Clone VC1.1 is thought to bind to an epitope closely related to HNK-1. However, the antibodies and 210 KD tissue reactivity of VC1.1 is different from that of typical anti-HNK-1 antibodies, since this clone preferentially binds to certain neuronal subpopulations in the cortex and cerebellum of human, rat, and cat (22.23).
Antibodies Against Other Neural Cell Markers. We selected three neural cell markers: NSE, SI00 protein, and neurofilaments, whose known cellular distribution is summarized in Table 1 ( [24] [25] [26] [27] . The antibodies used, their source, and their specificity are listed in Table 1 .
Immunohistochemical Technique
We applied an indirect immunoperoxidase technique on 4-pm thick cryostat sections of snap-frozen liver for light microscopic examination or on 12-pm thick cryostat sections of paraformaldehyde-fixed liver for ultrastructural examination. Briefly, sections were incubated with the primary antibody in appropriate dilution for 2 hr at room temperature or overnight at 4°C. The working dilutions used for each antibody are shown in Table 1 . After washing in PBS, sections were incubated for 2-3 hr at room temperature with species-specific peroxidase-labeled anti-immunoglobulin polyclonal antibodies. Rabbit anti-mouse immunoglobulin antibodies were from Amersham (Little Chalfont; UK) and goat anti-rabbit immunoglobulin antibodies were from Biosys (Compisgne, France). The product of the peroxidase reaction was then revealed by diaminobenzidine and Hz02 as described by Graham and Karnovsky (27) . Negative controls were obtained by omission of the primary antibody.
For light microscopic examination, 4-pm thick sections were lightly counterstained with Meyer's hematoxylin, dehydrated, and mounted. For ultrastructural examination, 12-pm thick sections were post-fixed in 1% osmium tetroxide, dehydrated in graded ethanols and propylene oxide, embedded in Epon (Agar Aids; Stansted, UK). Ultra-thin sections were prepared with a Reichert ultramicrotome and examined without further staining with a Siemens Elmiskoop IA.
Quan titation
The optical count of NCAM-positive peripheral nerve fibers was performed in high-magnification fields (ocular lens x 10; objective lens x 40), corresponding to a surface of 0.5 mm2 each. For each slide, five consecutive periportal and five perivenous fields were analyzed. Counts were performed twice. Results were expressed as mean number f standard deviation (SD). Statistical analysis was performed using the Student's t-test.
Results
Portal Reactivity, Sensitivity, and Specificity of Anti-NCAM Antibodies
The portal reactivity of the anti-NCAM monoclonal antibodies tested was variable. Clones Leu19 (Figure la ) and ERIC-1 ( Figure  Ib) gave similar results. They strongly labeled two distinct neural structures in portal spaces: large peripheral nerve bundles and plexuses consisting of anastomosing nerve fibers. The large nerve bundles, with a typical fibrillar appearance, were found running along the portal veins or along the hepatic arteries (Figures la and Ib). Their abundance was roughly proportional to the size of the portal space. Two distinct portal plexuses were observed. The most abundant was periarterial and contained anastomosing nerve fibers organized in one or several concentric layers around the arterial wall. Some of the fibers were in close contact with smooth muscle cells ( Figure Ib) or with endothelial cells. The other portal plexus was arranged around the large bile ducts. The density of peribiliary fibers, variable from one bile duct to another, was usually lower than that of periarterial fibers. In addition to plexus fibers, isolated nerve fibers were also detected in variable density within the portal connective tissue (Figure la) .
The other anti-NCAM clones were less sensitive than clones Leu19 and ERIC-1. Clone VC1.1 labeled only the large peripheral nerve bundles with a marked fibrillar pattern; labeling of the periarterial and peribiliary plexuses was faint and variable. Clone HNK-1 did not react with any portal neural structure.
Ultrastructural examination made it possible to assess the cellular localization of NCAM reactivity. Leu19 and ERIC-l specifically labeled the plasma membrane of axom and did not react with the plasma membrane of Schwann cells ( Figure IC) . Variable staining of the neural basal lamina could be observed.
The sensitivity of anti-NCAM Leu19 and ERIC-1 antibodies was compared with that of antibodies against the other neural cell markers. Neurofilaments ( Figure Id) and SI00 protein were readily detected only in the large nerve bundles; plexus fibers were variably reactive. Neuron-specific enolase was faintly and variably expressed in portal neural structures. The cellular specificity of anti-NCAM Leu19 and ERIC-1 antibodies proved to be excellent in the normal liver. Apart from neural structures, only scattered lymphoid cells, likely to correspond to NK-cells, were reactive. Such cells were exceedingly rare in portal spaces: they were usually found in the hepatic lobule, along the sinusoidal wall. Negative controls did not display any reactivity.
The two clones Leu19 and ERIC-1 were therefore considered as well-adapted probes for the immunohistochemical demonstration of peripheral nerve fibers in tissue sections and were selected for a further analysis of hepatic innervation in normal and cirrhotic liver.
Pattern of Intralobular Innervation in Normal Human Liver
In the normal hepatic lobule, both Leu19 and ERIC-1 labeled isolated nerve fibers, usually long and branched, running along the sinusoidal wall or between hepatocytes (Figure 2a ). Among the other neural cell markers, only Sloe protein was detected in a few intralobular nerve fibers; no reactivity was obtained with antibodies to NSE or neurofidaments. The distribution of NCAM-positive nerve fibers inside the lobule was heterogeneous. They actually predominated in the immediate periportal region and in the parenchymal areas joining neighboring portal spaces (Figure 2b ). They were rare and scattered in the centrilobular region. Optical counts confirmed the heterogeneous distribution of the liver parenchymal innervation: 8.7 2.3 nerve fibers were counted in each high-magnification field in the periportal region and 1.8 rt 1.2 in the centrilobular region (n = 150;p<0.01). Interindividual variations in the density of lobular innervation were marked (Figure 3) .
Ultrastructural examination showed that anti-NCAM antibodies labeled both nonmyelinated nerve fibers and unsheathed neuronal processes. Nonmyelinated fibers consisted of several axom enveloped by typical Schwann cells (Figures 4a and 4b ). They were situated in the funnel separating the sinusoidal poles of two adjacent hepatocytes or inside the hepatocyte plates, between the lateral membranes of adjacent cells (Figure 4c ). They were rarely observed running along the perisinusoidal space. Although close membrane (c) The ultrastructural immunolocalization of NCAM revealed by clone Leul9. Two nerve fibers are visible in the connective tissue. The plasma membrane Of axOnS r) is strongly labeled. (d) Weak reactivity of an anti-S100 protein antibody with a large nerve bundle located between a portal vein (V) and a hepatic artery (A).
No isolated nerve fiber is detectable. (a,b,d contact was often observed between nonmyelinated fibers and hepatocytes, no evidence of synaptic connection was found. Unsheathed neuronal processes, devoid of Schwann cell envelope, were found mostly in the perisinusoidal space. They were usually observed in close contact with Ito cells (Figure 4d ). In rare instances they were close to hepatocytes. No anatomic relation with endothelial cells was observed. No difference in the anatomic relations of nerve fibers with hepatocytes, Ito cells, or endothelial cells was detected by ultrastructural examination of the various regions of the hepatic lobule.
Pattern of Liver Innervation in Cirrhosis
In cirrhosis, the most striking alteration of the hepatic innervation revealed by clones Leu19 and ERIC-1 was the near-complete disappearance of nerve fibers within the residual parenchymal nodules (Figures 5a and 5b) . Only rare fibers entered the cirrhotic nodules from the peripheral fibrotic tissue. The perinodular fibrotic tissue contained rare large nerve bundles ( Figure Sa) . The perinodular fibrotic tissue usually contained a very low density of isolated nerve fibers (Figure 5a ). Those fibers did not form a plexus, either around the vessels found within fibrosis ( Figure Sa) or at the contact with proliferating bile neoductules (Figure 5b ). In only two cases of posthepatic cirrhosis, the perinodular fibrotic tissue contained many isolated n e m fibers, which accumulated at the immediate periphery of parenchymal nodules. Ultrastructural examination showed that the few nerve bundles found within fibrosis usually assumed a distorted and disorganized structure (Figure 5c ). In cirrhotic liver, as previously reported by other authors (28), anti-NCAM antibodies strongly labeled most of the proliferating bile neoductules (Figure 5b ). However, this lack of cellular specificity was of little concern for the analysis of innervation, since nerve fibers could be readily distinguished from proliferating bile ducts.
Discussion
In this work, we show that NCAM is a useful marker for the study of hepatic innervation in humans, at both the light and electron microscopic levels, and, using this marker, we analyzed the pattern of parenchymal innervation in both normal and cirrhotic livers.
The pattern of innervation revealed by anti-NCAM antibodies in the portal spaces of normal human liver is quite similar to that revealed by the other markers tested thus far (4) (5) (6) (7) (8) (9) and is consistent with the results of anatomic ultrastructural investigations (4, 10, 29) . Nerve fibers are found running along vessels and form plexuses around hepatic arteries and bile ducts. In our hands, the anti-NCAM antibodies Leu19 and ERIC-1 proved to be more suitable for the detection of intralobular nerve fibers than the three pan-neural cell markers commonly employed, NSE, SI00 protein, and neurofilaments. The lack of sensitivity observed in our study for the conventional neural cell markers is in accordance with the experience of other groups (8, 9, 30, 31) . Only one marker tested thus far, known as PGP 9.5, which corresponds to a ubiquitin carboxyterminal hydrolase (30) , has been proved to be well adapted for the detection of intralobular nerve fibers (31, 32) . A consequence of using antibodies to NCAM is to show the existence of distinct neural cell subpopulations in the liver, which differ by the epitope composition of the NCAM molecule. Indeed, the epitope recognized by clone HNK-1 is absent from all the neural structures present in the normal liver. The epitope defined by clone VC1.1 is detectable only on large portal nerve bundles and is absent from the intralobular nerve fibers. Epitopes defined by Leu19 and ERIC-1 are expressed by many nerve fibers in both portal spaces and lobular parenchyma. This situation is reminiscent of that observed in the central nervous system, in which different anti-NCAM antibodies label different neuronal subpopulations (33) .
Our ultrastructural immunohistochemical study, using sensitive anti-NCAM antibodies, makes it possible to reassess the anatomic relations of intralobular nerve fibers. Previous ultrastructural investigations have led to somewhat contradictory results. For some authors (4, 7) , axon terminals are mainly found in close contact with hepatocytes. For others (lo), nerve endings, or varicose axons, are mainly found in close association with perisinusoidal cells. Our study confirms that large nerve fibers, usually enveloped by Schwann cells, could actually be found in intercellular recesses. However, as previously pointed out (4, 10) , such fibers present no clear-cut evidence of synaptic differentiation, which raises doubt about the functional nature of their close morphological association with hepatocytes. With the use of anti-NCAM antibodies, we readily identlfy a type of intralobular neural structure easy to miss by conventional electron microscopic examination (10). This structure consists of small varicose axon processes, usually devoid of Schwann-cell envelope, which are mainly found in the vicinity of perisinusoidal cells. The anatomic distribution of these neural structures lends further support to the role of nerve fibers in the control of sinusoidal blood flow. It is consistent with the fact that the neuromediators present in intralobular nerve fibers, such as acetylcholine, norepinephrine, neuropeptide Y, and vasoactive intestinal polypeptide (VIP), are known to exert vasoconstrictive effects on sinusoids (1, 3) .
Our study demonstrates that intralobular nerve fibers are heterogeneously distributed within the hepatic lobule. They predominate in the immediate periportal region and in the parenchymal area connecting the neighboring portal spaces. This corresponds to Zone 1 of the hepatic acinus, as recently reevaluated by anatomic (34) , microcirculatory (35), and metabolic (36) studies. Our results are consistent with the periportal predominance of cholinergic nerve endings (5) and of PGP 9.5-positive nerve fibers (30) noted by previous authors. In contrast, certain histochemical observations, based on the formaldehyde-induced fluorescence of monoaminergic nerve endings, have suggested a random distribution of adrenergic nerve fibers inside the hepatic lobule (4, 37, 38) . However, these observations have not been confirmed by subsequent studies using modified technical procedures to avoid false-positive results (6).
The zonal distribution of intralobular nerve fibers in the human liver might be of functional relevance, since the metabolic functions of hepatocytes are heterogeneously distributed inside the lobule (11, 12, 39) . Interestingly, certain biochemical characteristics of periportal hepatocytes, such as high neoglucogenesis, low ketogenesis, fast glycogen synthesis after feeding, and urea synthesis, could be reproduced by the adrenergic and/or cholinergic stimulation of isolated hepatocytes or perfused liver (1) (2) (3) 40, 41) . Our morphological study therefore suggests that the periportal predominance of intralobular nerve fibers in the human liver might contribute to the zonal metabolic heterogeneity of hepatocytes. However, in other animal species, such as rat and mouse, a striking metabolic zonation of the lobule exists in the absence of a significant intralobular innervation (4,3 7,38,42) , thus emphasizing the need to further evaluate with precision the role of nerve fibers.
Liver hemodynamics and metabolic activities are dramatically altered in cirrhosis. Our study indicates that one of the factors that contributes to these alterations is the near-complete absence of parenchymal innervation in cirrhotic nodules. It is unlikely that our immunohistochemical observation might be due to a loss of immunoreactivity of the NCAM molecule, since comparable observations have been performed using the sensitive probe PGP 9.5 (31) . As previously pointed out (8, 30, 31) , the disappearance of parenchymal nerve fibers in established cirrhosis is verified irrespective of the etiology of the disease. An important factor of parenchymal denervation in established cirrhosis is likely to be the progressive destruction of the normal structure of the portal space and of acinar Zone 1, which contains most of the intralobular nerve fibers in the normal human liver. The degeneration of nerve fibers in portal spaces has been documented in some patients with cirrhosis (43) . Moreover, in guinea pig, whose pattern of liver innervation is reminiscent to that observed in humans (4, 37, 38, 42, 44) , the development of liver fibrosis after ligature of the common bile duct is accompanied by a degeneration of the preexistent portal and parenchymal liver innervation (45).
As noted in previous studies (8), the fibrotic tissue in liver cirrhosis contains nerve fibers, sometimes in high density. However, our study points out the usual absence of anatomic relationship between those fibers and the proliferating bile ductules. This con-trasts with the situation in normal portal spaces, in which bile duct cells present a rich cholinergic and VIPergic innervation (7). The functional role of bile duct innervation is not clearly established but it is likely to contribute to the regulation of bile flow and bile duct cell secretion. The absence of innervation of proliferating bile ductules might therefore participate in the alterations of bile formation and secretion observed in liver cirrhosis (46,47) .
In conclusion, anti-NCAM antibodies have proven to be useful probes for the study of parenchymal innervation in both normal and diseased human liver and might contribute to a better evaluation of the functional role of intralobular nerve endings.
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